We propose a hybrid laser-driven ion acceleration scheme using a combination target of a solid foil and a density-tailored background plasma. In the first stage, a sub-relativistic proton beam can be generated by the radiation pressure acceleration in the intense laser interaction with the solid foil. In the second stage, this sub-relativistic proton beam is further accelerated by the laser wakefield driven by the same laser pulse in a near-critical-density background plasma with a decreasing density profile. The propagating velocity of the laser front and the phase velocity of the excited wakefield wave are effectively lowered at the beginning of the second stage. By decreasing the background plasma density gradually from near critical density along the laser propagation direction, the wake travels faster and faster while it accelerates the protons. Consequently, the dephasing between the protons and the wake is postponed, and an efficient wakefield proton acceleration is achieved. This hybrid laser-driven proton acceleration scheme can be realized by using ultrashort laser pulses at the peak power of 10 PW for the generation of multi-GeV proton beams.
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I. INTRODUCTION
Plasma-based accelerators driven by ultrashort intense laser pulses have been paid significant interest over the last decades due to their ultrahigh accelerating gradients [1] [2] [3] [4] . Aiming at various applications ranging from fundamental sciences to medical and industrial applications, immense progress has been made in accelerating both electrons and ions on the basis of laser-plasma interactions. Recent experiments demonstrate the efficient generation of high-quality multi-GeV electron beams by the laser wakefield acceleration (LWFA) 5, 6 .
With respect to laser-driven ion acceleration, there are a few of competitive mechanisms depending on laser and target conditions. In the most experimental conditions, the predominant mechanism is the target normal sheath acceleration (TNSA). In this scenario, a large number of electrons heated by the laser pulse go through the target and then result in a strong charge-separation electrostatic field at the rear of the target 7 . A recent experiment demonstrates that the ions (preferentially protons) can be accelerated by this electrostatic field to a cut-off energy of about 85 MeV 8 . However, the ion beams generated in the TNSA are usually far from a monoenergetic distribution. In stark contrast, the generation of a quasi-monoenergetic ion beam could be expected in the scenario of radiation pressure acceleration (RPA) by an ultraintense laser pulse with a typical circular polarization [9] [10] [11] [12] . In the RPA scenario, the ponderomotive force of an ultraintense laser pulse can make the electrons move forward coherently, which leads to a strong charge-separation field between the preceding electron layer and the laggard ion layer. The ion layer can be pulled by this charge-separation field and then move together with the electron layer. Depending on the target thickness, the RPA works in two distinct modes. In the hole-boring mode, a thick solid target can be accelerated layer by layer, and then an ion beam with ultrahigh energy fluence is generated 13 . In comparison, the acceleration of ions to ultrahigh energies is allowed in the light-sail mode, where a nanoscale solid foil could be continuously accelerated by an ultrashort ultraintense laser pulse under the ideal conditions [14] [15] [16] . However, an obvious gap is disgustingly presented between the experimental results and the theoretical predictions of the RPA. This can be attributed to the onset of transverse instabilities and the restrictions of the laser-target conditions in the experiments [17] [18] [19] .
To obtain a more energetic ion beam, the ion acceleration in the laser-driven wakefield has also been investigated in analogy to the laser wakefield electron acceleration 20, 21 . A critical issue of the LWFA is how to keep the particles moving in pace with the accelerating field, i.e., the injection of the particles into the wakefield 22 . It is typically required that the particles reach the relativistic speed before they are injected into the wakefield. Since the ions have much higher inertia than the electrons, it becomes more difficult to inject the ions into the wakefield. The self-injection of protons can only be triggered in the interaction of ultraintense laser pulses with dense plasmas, where the potential difference of the wake is large enough to trap the protons 20, 21 . In a hybrid scheme using a combination target that is composed of a thin solid foil for the RPA and an underdense gas for the LWFA, the injection condition can be greatly relaxed for the relativistic protons that are pre-accelerated by the RPA 23, 24 . In order to pre-accelerate the protons to relativistic speeds in the RPA stage, however, an ultraintense laser pulse (≥ 10 22 W/cm 2 ) is usually required, which would crucially postpone the realization of this scheme in experiments. In addition to the RPA-LWFA hybrid scheme, it was also proposed to enhance the ion energies and/or the ion beam qualities in laser-driven ion acceleration by using some multi-stage schemes [25] [26] [27] [28] [29] [30] [31] [32] [33] or phase-matched scheme 34 .
In this paper, we propose a RPA-LWFA hybrid ion acceleration scheme that can work efficiently with an ultrashort moderately intense laser pulse. With this laser pulse, the protons of a thin solid foil are only pre-accelerated to sub-relativistic speeds by the RPA in the first stage. In the second stage, the injection of these pre-accelerated sub-relativistic protons into the LWFA is permitted by a near-critical-density plasma whose density decreases gradually from several times to several hundredths of the critical density along the laser propagation direction. The laser pulse is propagating relatively slow in a classically overdense but relativistically transparent region at the beginning of this stage. Consequently, the phase velocity of the excited wakefield plasma wave is effectively limited, which is the key to the efficient injection of the sub-relativistic protons into the LWFA. More importantly, the wakefield wave itself travels faster and faster with the decreasing background plasma density, while accelerating the protons. As a result, the dephasing between the wakefield and the protons is postponed. With the decreasing background plasma density, the laser depletion is alleviated as well. Finally, the postponed dephasing and alleviated laser depletion combine to guarantee an efficient LWFA of the protons. 
II. THEORETICAL ANALYSIS
To study the RPA-LWFA hybrid ion acceleration scheme, we begin with some primitive theoretical analysis based on one-dimensional models. As shown in Fig. 1 , the employed combination target consists of a solid foil and a near-critical-density background plasma with a tailored density profile. An ultrashort intense circularly polarized (CP) laser pulse is incident from the left side into the combination target.
In the stage of laser-foil interaction, the ion acceleration is dominated by the RPA that can be fairly described by the "light sail" mode 35 . The obtained mean ion energy, which may be the most interesting parameter for the next acceleration stage, can be estimated as
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, L is the foil thickness, τ is the duration of the laser pulse, the sum of m i n i is over all ion species, and m i and n i are the mass and the number density of the i-th ion species, respectively. In a typical simulation case discussed in the next section, we employ a 33 fs (τ = 10T ) laser pulse at the intensity I 0 ≃ 6.85 × 10
where T = λ/c is the laser period and a laser wavelength λ = 1 µm is assumed. The foil is composed of Carbon and Hydrogen atoms in 1:2 number ratio with n e = 20n c and a thickness L = 0.4λ. Substituting these laser and target parameters into Eq. 1, one can easily get a mean proton energy E p ≃ 600 MeV, which corresponds to a sub-relativistic mean proton velocity v p ≃ 0.79c. In reality, the RPA process will be prematurely terminated as long as the target becomes transparent due to the transverse instabilities, the plasma heating and the target deforming. Therefore, the obtained proton energy is usually much lower than the prediction by Eq. 1. For instance, the two-dimensional simulation of the RPA process under the above laser and target parameters only results in a mean proton energy E p ≃ 100 MeV (the corresponding v p ≃ 0.43c).
To inject these sub-relativistic protons into the wakefield, a near-critical-density plasma is applied to limit the phase velocity of the wakefield plasma wave in the second stage. In the intense laser pulse interaction with this dense plasma, a large amplitude wakefield can be excited with a structure of channel-like electron bubble 21 . Thanks to its large amplitude, the LWFA will boost the speed of the sub-relativistic protons dramatically. From the energy conservation, one can get
where
is the Lorentz factor of the protons, and E x (x) is the local accelerating field felt by the protons. For simplicity, we assume that E x (x) ∼ E max /2, where E max ≈ a 0 ωm e c/e is a rough approximation for the amplitude of the longitudinal electric field in the relativistic transparency regime 20 . Under these assumption and approximation, Eq. (2) can be rewritten as
Substituting v p,0 ≃ 0.43c (E p ≃ 100 MeV) obtained in the RPA stage as the initial proton velocity in the LWFA and a 0 = 50 into the above equation, a rapid rise in the proton velocity v p at the early stage of the LWFA is evidenced in Fig. 1(b) . This is different from the LWFA of relativistic protons 23, 24 , whose velocities have been initially close to the speed of light in the vacuum and thus cannot increase obviously.
For the LWFA of sub-relativistic protons, nevertheless, the phase velocity of the wakefield wave must be simultaneously boosted in order to avoid an early dephasing between the wakefield and the protons. In a near-critical-density plasma, the wake phase velocity v wake is approximate to the propagating velocity v laser of the laser front. The latter can be estimated
where n cr ≃ (1 + 0.48a 2 0 ) 1/2 n c is the relativistic critical density for CP pulses at intensities a 0 ≫ 1 36, 37 . The above expression indicates that v laser increases with a decreasing plasma density, so does the wake phase velocity v wake . For simplicity, we assume an exponentially decreasing plasma density n e (x) = n 0 exp(−x/λ L ), where n 0 and λ L are selected according to the initial proton velocity and the derivative of the proton velocity over x. As shown in Fig. 1(a) , we set n 0 = 4n c and λ L = 20λ in a typical simulation case. Fig. 1(b) indicates that in this case the laser front velocity v laser can increase gradually as the mean proton velocity.
To illuminate the necessity of a near-critical-density plasma for the trapping of subrelativistic protons, the trapping region in the proton phase space at different plasma densities are compared in Fig. 2 . In the co-moving frame (ξ = x − v wake t) with the wake, the ion motion is governed by a conservative Hamiltonian
where ξ ′ = ξω p /c and p 
III. SIMULATION RESULTS
To verify the efficiency of the RPA-LWFA hybrid ion acceleration using a tailored plasma density profile, we have carried out a series of two-dimensional particle-in-cell (PIC) simulations using the code OSIRIS 38 . The moving-window technique is employed to reduce the computational loads. In each simulation, a 70 × 70 µm 2 simulation box moves along the x-axis at the speed of light, and it is divided into 5600 × 4200 cells. The combination target is composed of a thin solid foil in the front region (−0.4λ ≤ x ≤ 0 and |y| ≤ 2.5λ) and a semi-infinite background plasma at x ≥ 0. The foil is composed of Carbon and Hydrogen atoms in 1:2 number ratio with n e = n proton + 6n carbon = 20n c . Here, we assume the foil to have a relatively low density but a large thickness in order to lower computational cost.
The foil with a higher density but a smaller thickness should reproduce similar results, if the areal density of the foils remains the same 23 . The semi-infinite background plasma only contains Carbon atoms, and the comparison is made between the background plasmas with a uniform density profile n e = 4n c and a tailored density profile n e = 4n c exp(−x/20λ).
Each cell has 400 macro-particles per cell in the foil region, and 100 macro-particles per cell in the semi-infinite background plasma region. The laser pulse is incident from the left side into the combination target, and it is circularly polarized and has a wavelength λ = 1 µm.
Its intensity profile is assumed to be a(t, y) = a 0 sin 2 (πt/2τ ) exp(−y 2 /σ 2 ) for 0 ≤ t ≤ 2τ .
In typical simulations, we set the amplitude a 0 = 50, the duration τ = 10T , and the waist σ = 8λ. For reference, the front of the laser pulse is assumed to arrive at the vacuum-foil interface (x = −0.4λ) at t=0. Figure 3 (a) illustrates that a bubble of electron density has been formed in the laser interaction with the background plasma. In this near-critical-density plasma, however, the electron bubble is not closed at the tail while shows a channel-like structure 21 . Accompanying the channel-like bubble formation, a longitudinal electric field whose amplitude is on the order of the laser amplitude is generated 20 . In addition, this longitudinal electric field is highly asymmetrical, which is in contrast to the quasi-symmetric wakefields in tenuous plasmas. In a near-critical-density plasma, the wake is characterized by a strong positive longitudinal electric field at the front part, while the negative longitudinal electric field at the rear part is relatively weak. Such an asymmetrical structure of the longitudinal electric field is of great benefit to accelerating the ions. As shown in Fig. 3(b) , a large number of protons have been accelerated by this wakefield to energies higher than 500 MeV at t = 50T .
More importantly, the laser pulse still travels together with these energetic protons since the front velocity of the former is boosted in the background plasma with a decreasing density. Consequently, these energetic protons can be further accelerated by the wakefield stimulated by the laser pulse. In a uniform near-critical-density plasma, however, the LWFA of the protons has already ceased at t = 50T since these energetic protons overrun the laser pulse as shown in Fig. 3(c) . Fig. 3 (c) also illustrates that the laser depletion is much more severe in this uniform near-critical-density plasma with n e = 4n c 37 . While the laser depletion is greatly alleviated in the background plasma with a decreasing density as shown in Fig. 3(b) , which is also crucially for the efficient LWFA of the ions.
The temporal evolutions of the laser front velocities in the laser interactions with different combination targets are compared in Fig. 4(a) . The propagating velocity of the laser front is defined as the forward velocity of the longitudinal coordinate x f where the laser intensity I(x f ) = I 0 /100, here I 0 is the initial laser intensity. In the first stage (t ≤ 12T ), the propagating velocity of the laser front is independent on the background plasma since the laser pulse mainly interacts with the thin solid foil. In this stage the propagating velocity of the laser front at first decreases dramatically after the laser pulse hits the solid foil and then increases quickly as long as the foil is accelerated by the RPA. In the second stage (t ≥ 12T ), it is clear that the propagating velocity of the laser front substantially depends on the density profile of the background plasma since the thin foil becomes transparent. In the uniform background plasma with n e = 4n c , the propagating velocity of the laser front at first remains quasi-steady and then decreases gradually due to the laser depletion. In contrast, in the background plasma with a decreasing density the propagating velocity of the laser front increases gradually until the laser pulse is depleted. For comparison, the time evolution of the velocity of a typical proton accelerated in this case is also displayed in Fig. 4(a) . It is evident that the propagating velocity of the laser front can increase nearly at the same rate as the velocity of accelerated protons for a quite long time in this case. As a result, the dephasing between the accelerated protons and the wakefield is effectively postponed in the background plasma with an exponentially decreasing density profile. Further, the temporal evolution of the total energy of the laser pulse with these two different combination targets are compared in Fig. 4(b) . It is confirmed that the laser depletion can be greatly alleviated in the background plasma with an exponentially decreasing density profile.
Thanks to the postponed dephasing and the alleviated laser depletion, the protons can The simulation parameters are the same as those in Fig. 3 .
be efficiently accelerated up to higher energies by the LWFA in the background plasma with an exponentially decreasing density profile. The proton energy spectra obtained with different target configurations are compared in Fig. 5(a) , while the time evolutions of the total energies of the proton beams are displayed in Fig. 5(b) . In the laser interaction with a single thin foil, a large amount of protons can be accelerated by the RPA. However, the RPA ceases as long as the thin foil becomes transparent. So the peak energy of the final proton beam is only about 100 MeV, and the corresponding mean proton velocity is sub-relativistic (0.43c). In this case, the energy conversion efficiency from the laser pulse to the proton beam is relatively low (∼ 1.5%). By attaching a uniform background plasma with n e = 4n c to the rear of the thin foil, some protons that are pre-accelerated by the RPA can be trapped and further accelerated by the LWFA in the attached background plasma. Consequently, a quasi-monoenergetic proton beam with a peak energy about 1 GeV is generated. Meanwhile, the energy conversion efficiency from the laser pulse to the proton beam increases to about 4% in this hybrid acceleration scheme. However, the time evolution of the proton beam energy in Fig. 5(b) implies that the LWFA of the protons quickly ends at t = 30T due to the early dephasing between the protons and the wakefield wave in this case. If a tailored density profile n e (x) = 4n c exp(−x/20λ) is employed for the background plasma, the LWFA of the protons in the background plasma can persist much longer and become more efficient.
As a result, the peak energy of the final quasi-monoenergetic proton beam can be doubled to 2 GeV. Correspondingly, the final energy conversion efficiency from the laser pulse to the proton beam is boosted up to 6%.
IV. DISCUSSION AND CONCLUSION
In the above simulations, the laser pulse is assumed to be ultrashort (33 fs) and moderately intense (I 0 ≃ 6.85 × 10 21 W/cm 2 ). Such a laser pulse is well within the capacity of kJ 10 PW laser facilities, such as ELI, OMEGA EP, and Apollon 39 . Using such a moderately intense laser pulse, however, it is difficult to accelerate the protons directly to a highly relativistic speed by the RPA. In this case, a near-critical-density background plasma is critically required for the injection of the sub-relativistic protons accelerated by the RPA into the LWFA. In a near-critical-density plasma, the wake phase velocity is approximate to the propagating velocity of the laser front, while the latter is substantially determined by the energy balance rather than the conventional dispersion relation 37 . With a decreasing density profile, the propagating velocity of the laser front is allowed to increase gradually in a near-critical-density background plasma, so does the phase velocity of the excited wake.
As a result, the wake can travel with the accelerated protons for a long time in the RPA-LWFA hybrid ion acceleration scheme using the combination target with a density-tailored background plasma.
Although this ion acceleration scheme is primarily designed for the moderately intense lasers, it also possesses an apparent advantage at ultrahigh laser intensities that may be available in the near future. In the simulations presented in has either a uniform density profile n e = 1.2n c or a tailored density profile n e = 1.2n c exp(−x/60λ).
The laser pulse has an amplitude a 0 = 120, a duration τ = 10T , and a waist σ = 8λ.
So the background plasma density should be correspondingly reduced to result in a higher propagating velocity of the laser pulse in the LWFA stage. Meanwhile, the gradient of the background plasma density should also be reduced since the proton velocities have already been close to the speed of the light in the vacuum. Consequently, we find that the efficient LWFA can be achieved in the background plasma with a modified density profile n e = 1.2n c exp(−x/60λ) in this case. The resultant proton energy spectrum and the time evolutions of the proton beam energy are drawn in Fig. 6 , where the results using the combination target with a uniform background plasma (n e = 1.2n c ) are also displayed for comparison. It is illustrated that in the RPA-LWFA hybrid ion acceleration scheme the mean energy of the final proton beam can be boosted from about 5 GeV to more than 10 GeV if the uniform background plasma is replaced by the density-tailored background plasma. In the meantime, the energy conversion efficiency from the laser pulse to the final proton beam increases from ∼ 6.0% to ∼ 11.4%.
As the laser depletion time is roughly proportional to the pulse duration, it seems that the final proton energies should be further enhanced by using a longer laser pulse. However, we find that a longer pulse duration has two mutually offsetting effects. On the one hand, it may prolong the LWFA stage due to the lengthened laser depletion time. On the other hand, it will reduce the efficiency of the RPA since the laser pondermotive force of a longer pulse is relatively weaker. Therefore, the final proton energies nearly don't increase with the increasing pulse duration if a Gaussian laser pulse is still assumed. Nevertheless, a longer laser pulse could be of great benefit if its temporal intensity profile can be tailored to have a sharp rising edge. For instance, a trapezoidal (10T rise + t f flat-top + 10T fall) temporal intensity profile can be assumed by inserting a flat-top part into the previous Gaussian laser pulse. Fig. 7 illustrates that the peak energy of the final proton beam can be greatly enhanced up to ∼ 4.7 GeV by increasing the duration of such a temporally tailored laser pulse. The peak energy of the proton beam will be saturated because the dephasing finally will terminate the LWFA even if the laser pulse is not depleted.
It is worth pointing out that the near-critical-density plasma behind the foil not only provides the background plasma for the LWFA, but may also stabilize the RPA via replenishing the electrons to the foil 13, 40 . Accidentally, the electron injection into the LWFA can also be enhanced with a decreasing plasma density profile 41 . However, the underlying principle is different. For the LWFA of electrons in a tenuous plasma, the phase velocity of the wake is transiently reduced by decreasing the plasma density, which allows the electrons to catch up and then be trapped in the wake.
In experiments, the density-tailored plasma behind the solid foil might be achieved with the help of a secondary nanosecond laser pulse at a lower intensity 42 . Irradiated by this longer, lower-intensity laser pulse, the thin foil will be exploded. And the density profile of the exploded foil can be tuned by varying the energy of this longer laser pulse and the time delay between this longer pulse and the main pulse 42 . Alternatively, such a density-tailored near-critical-density plasma might be obtained by ionization of an ultra low-density plastic foam if its density can be modulated 43 .
In addition, it is worth mentioning that the efficiency of this RPA-LWFA hybrid ion acceleration should be not very sensitive to the density fluctuation of the density-tailored background plasma. This is because the efficiency of this hybrid ion acceleration is mainly determined by the dephasing and the laser depletion, both of which are the integral effects over the distance. Therefore, the local density fluctuation nearly doesn't affect the final acceleration efficiency as long as the scale length of the overall density profile is in the appropriate range. Furthermore, we find that this hybrid ion acceleration could also work very efficiently for the density-tailored background plasmas with some other kinds of density profiles instead of an exponentially decreasing density profile. For instance, Fig. 8 illustrates that the background plasma with a semi-Gaussian density profile n e (x) = 3n c exp[−x 2 /(30λ) 2 ] could also result in a quasi-monoenergetic spectrum similar to that in the case when the background plasma has an exponentially decreasing density profile.
To summarize, in the intense laser interaction with a near-critical-density plasma a large amplitude wakefield wave can be stimulated, whose phase velocity is effectively lowered.
This leads to an efficient injection of sub-relativistic protons, and a rapid rise in the speeds of these sub-relativistic protons. By decreasing the plasma density gradually, the phase velocity of the wakefield wave can increase simultaneously with the proton speeds, which postpones the dephasing between the protons and the wake. As a result, the protons can be further accelerated by the LWFA for a long time. Based on this, we propose a RPA-LWFA hybrid proton acceleration scheme using a combination target of a solid foil and a near-critical-density plasma with a decreasing density profile. The protons of the foil are only needed to be accelerated to sub-relativistic speeds by the RPA in the first stage. In the second stage, these sub-relativistic protons are injected and further accelerated by the LWFA in a near-critical-density plasma with a decreasing density profile. Benefited from the efficient injection of sub-relativistic protons into the LWFA, this hybrid acceleration scheme works efficiently even with ultrashort laser pulses at intensity on the order of 10 21 W/cm 2 . Simulations have been carried out on the Pi supercomputer at Shanghai Jiao Tong University.
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